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SUMMARY

A numerical solution of the axially symmetric Poisson equation for mixed

boundary conditions is presented, and the theory and application to an ion-

thrustor analysis is discussed.

A method of solution is developed in which the differential equation is re-

placed by finite difference equations, and the properties of the resulting ma-

trix are studied. The theory of matrix "regular splittings" is applied. The

Cyclic Chebyshev Semi-Iterative method is used to solve the matrix equation, and

an estimate of an optimum relaxation factor is given. The Poisson equation is

solved by a method of successive approximations.

The numerical method is demonstrated with an example of a hollow-cylindrical

ion beam. The program for an IBM 7090 computer is also included.

_0DUCTION

The numerical method of solution of the space-charge-flow problem or_ mathe-

matically, the solution of the two-dimenslonal Poisson equation is developed and

presented in reference i. Application of this two-dimensional method together

with its extension involving curved ion-emitter surfaces is demonstrated in

reference 2. Good agreement of this method with available experimental data is

also reported in reference 2. A method of analysis of an axially symmetric ion

beam in an ion thrustor is discussed herein. The material presented represents

a logical extension of the work described in references i and 2.

After boundary conditions of finite extent are stipulated, the Poisson equa-

tion in a continuous form is replaced by finite-difference equations. The

finite-difference equations give rise to a real symmetric matrix by virtue of

the axial symmetry of the problem. The properties and convenient partitioning

of the resulting real symmetric matrix are discussed in detail. The solution of

the matrix equation is accomplished by the use of the Cyclic Chebyshev Semi-

Iterative method. The general procedure for obtaining a solution of the axially

symmetric Poisson equation is essentially the same as that described in



reference i. The space-charge-density-distributlon function is not knowna pri-
ori; and therefore_ the Lap!acian equation is solved to determine a first ap-
proximation of the potential distribution in the boundedregion. The equations
of motion are used together with this initial potential distribution, to obtain
the ion trajectories and the initial values of the space-charge-density function.
A series of successive approximations then gives the solution of the Poisson
equation.

The theory of the numerical method is demonstrated in an example problem.
The problem, which was analyzed, is the space-charge-limited flow in a hollow-
cylindrical-beam ion thrustor that has a cylindrical ion emitter. The solution
was obtained with the aid of an IBM 7090 computer. The computer program is de-
scribed in appendix C by Carl D. Bogart. No effort was made to optimize the

computer program other than the method of obtaining rapid convergence to the so-

lution of the matrix equation. The electrode coordinates together with the

method of determination of electrode shapes are given in reference 3.

STATEMENT OF PROBLEM AND NUMERICAL ANALYSIS

The theory of a numerical method of solving the axially symmetric Poisson

equation is presented for the steady-state space-charge-limited flow of an ion

beam in an ion thrustor. In this section, a mathematical model is determined

from a hypothetical axially symmetric ion thrustor, and the finite-difference

equations that give rise to the matrix equation are established. The solution

of the matrix equation is then developed.

Mathematical Model

A region considered for presentation of the theory of the numerical solution

of the axially symmetric Poisson equation is shown in sketch (a). The external
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)oundary represents a hypothetical ion thrustor with a disk emitter and a cylin-
irical ion beamextending in the z-direction. The location of the downstream
boundary Y5 is arbitrarily shownin the plane of the accelerator. For analysis
of a real thrustor configuration, the location of this boundary will normally be
_urther downstream, as is described in the example problem.

The Poisson equation in cylindrical coordinates is in the form

_V2qD(r,e, z) = i p(q0,r,e,z) (1)
£

o

_he external boundary P of the region R satisfies the equation

for i=1,2,5,4,5, cC _ 13 (2)

Two sets of values of _ and _ apply: i_0 and 0;i. Values of _ = i and

= 0 correspond to Dirichlet boundary conditions, while _ = 0 and # = i

correspond to Neumann boundary conditions. (All symbols are defined in appendix

i.)

The potential-distribution function is 9(r,e,z) and the space-charge-

density-distrlbution function is p(9,r,e,z) both of which are continuous inside

the region R. The space-charge-density distribution function # is nonnegative

for positive ion flow and is not known a priori. It depends on the potential-

distribution function _, which must satisfy equation (i) and the conditions of

equation (2) on the exterior boundary P of the region R.

The numerical solution of equation (i) is accomplished by overlaying a dis-

crete number of mesh points on the region R, as shown in sketch (a). The uni-

formity of mesh spacing overlayed on region R is not essential but was chosen

for simplification of the matrix coefficients. The size of mesh spacing is ar-

bitrary and depends on the physical dimensions of the problem and the anticipated

potential gradients in certain portions of the region R. For that reason it is

possible to have several nets of uniform mesh spacing, as described in refer-

ence i. Next, the differential equation (eq. (i)) is replaced by the finite-

difference equations that satisfy the conditlons of a subregion, that is, the

influence area of each mesh point.

Finite-Difference Equations - Five-

Point-Formula Approximation

The Poisson equation (cylindrical coordinates) for the discrete case is

-V2w(r,e,z) : f(w,r,e,z) (S)

For each of the subvolumes _i surrounding the internal point r,z (shown in

sketch (b)), the numerical approximation to equation (S) is given by the five-



point-formula approximation as follows:

h Wr+l_z) = rh2fr, zr(4Wr,z - Wr,z+ I - Wr, z_l - Wr+l, z - Wr-l_z) + _- (Wr_l, z -

C4)

The derivation of the five-point-formula approximation from Green's three-

dimensional theorem can be found in reference 4. For completeness, it is in-
cluded in appendix B.
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Because of the axial symmetry, equation (4) represents the finite-difference

approximation of equation (3) in the r,z plane (identified as R in sketches

(a) and (b)). For example, writing equation (4) for point 5 of sketch (a) gives

h
(5)

The five-point-formula approximation of equation (3) can be expressed for

each mesh point surrounded by subregion ri for i = i_ 2j . .j N. The trun-

cation error of this approximation is of the order h2, that is, O(h2). For

subregions along the external boundaries 3 the five-point-formula approximation

of equation (3) must be modified to account for the particular boundary being

considered. Various forms of the modified approximation formula are given in

appendix B.



The finite-difference approximation of equation (3) for each subregion gives
rise to a set of linear algebraic equations. For N meshpoints in region R
there are N linear algebraic equations with N unknowns. This set of equa-
tions can be expressed in matrix form and is discussed next.

Matrix Equation

If the ordering of meshpoints is as shownin sketch (a), the N linear
algebraic equations with N unknownscan be written in matrix form as

Aw_ k (s)

where w is a column vector representing the discrete potential distribution

-- k is a column vector consisting of the discrete space-charge-
Wl_2_ ., N' -

density distribution fl_2, ., N and_ when applicable_ the boundary values

YI_2_3_4,5" The resulting matrix A is an N by N real symmetric matrix. For

the example given in sketch (a), matrix A takes the form
B
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The solution of the Poisson equation (eq. (3)) now has been reduced to the nu-

merical solution of equation (6). The diagonal entries of matrix A are posl-

tire; whereas the off-diagonal entries are nonpositive. It can be proved that

the real symmetric matrix A is a Stieltjes matrix_ as defined in reference 4,
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and thus matrix A has an inverse A-I > 0 (therefore A is a nonsingular ma-
trix), which ensures that the solution of equation (6) is unique. It should be
noted that it maybe necessary to multiply someof the finite-dlfference equa-
tions by appropriate scaling factors in order to ensure that matrix A is sym-
metric.

Becauseof the different values of the main diagonal entries, it is no
longer convenient, as it was in the two-dimensional case of references i and 2,
to premultiply the matrix A by a positive diagonal matrix D such that DA it
a matrix with unity on its main diagonal. This step would destroy the symmetry
of matrix A to which the following discussion is directed.

The solution of the matrix equation (eq. (6)) is based on the theory of
"regular splittings" as discussed in reference 4. Using the method of this
theory allows expressing matrix A as

A_B -C (7'

where B and
exampleas

C are again N by N matrices that would be written for the

D

bl, I 0

B = 0 b2, 2

0 0

0

0

b3_3

where bi, i represents the diagonal block matrices of the example matrix A and

C

0

c2,1

Cl, 2 0

0 c2_ 3

0 c3, 2 0

where ci, j represents the off-diagonal blocks of A. Both matrices B -I and

C have nonnegative entries that satisfy the definition of regular splittings of

matrix A according to reference 4. The theory of regular splittings is a

powerful means by which a solution of matrix equations involving matrices more

general than tridlagonal matrices can be accomplished very efficiently. This

method could be applied as well to the solution of the matrix equation reported
in references 1 and 2.

SOLUTION OF MATRIX EQUATION

As mentioned in the previous section, the solution of the axially symmetric



Poisson equation lies within the numerical solution of the matrix equation
(eq. (6)). If equation (7) is substituted into the matrix equation (eq. (6)), it
follows that

or equivalently

Identifying D = B-Ic

w = B-icw+ B-ik (8)

and _ = B-ik and substituting in equation (8) yields

z = a (9)

Equation (9) is now used to solve the matrix equation (eq. (6)).

Cyclic Chebyshev Semi-lterative Method

The solution of equation (9) is based on the fact that matrix A of equa-

tion (6) is a Stieltjes matrix, furthermore, that matrices B and C are de-

fined as a regular splitting of A, and that B is symmetric and positive defi-

nite. The iteration matrix D = B-Ic of equation (9) is then irreducible, non-

negative, and has real eigenvalues, since D is similar to a symmetrical matrix

and is convergent, as shown in reference 4.

Now to explore the cyclic properties of the iteration matrix D. Similarly
in the case of matrix M in reference i for the two-dimensional solution of the

Poisson equation, equation (9) can be written as

(i0)

where now the subscript i is associated with odd-number lines and 2 with

even-number lines. By the Cyclic Chebyshev Semillterative method, the vector

components of equation (i0) can be written as they were in reference i for the

two-dimensional case, namely,

ID_2m+ _w21m-i) _w21m-i_2m+l = _2m+l 2 gl - + for--i

w22m+2 (D _--w21m+l+ --_2m) ____2_,m= m2m+2 i g2 - + for

>i}
m>

(11)

where; for m = 0



Again_ this iterative method requires only the initial guess of the single vector
o

component _2, and the method of solution does not require any more computer
storage space than any other iterative procedure.

The relaxation factor _ in equation (ii) is given in the form of the
Chebyshevpolynomials_ but for actual computation it is more convenient to ex-
press _ as

for m+l l - y (D

_i=i

2
o_2 =

2 -  2(D)

Spectral Radius of Matrix D

(12)

As was pointed out in reference i, it is very important to choose the re-

laxation factor _ of equation (ii) with great care in order to obtain an opti-

mum rate of convergence of that equation. It is evident from equation (12) that

is a function of the spectral radius _(D).

If _ is any vector with positive components ui, determination of non-

trivial upper and lower bound estimates for the spectral radius of D may be ob-

tained by applying the minimax theorem (ref. 4), which for the ith iteration is

given by

• - _ u i /

Since D is irreducible, _(D) can be expressed finally as

(13)

The Iterative Procedure

The numerical solution of the axially symmetric Poisson equation (eq. (5))

now follows a procedure similar to that outlined in reference i. The principal

difference is in the iteration-matrix D of equation (9), which was derived in

the previous section. Equation (Ii) is solved first with no space charge to ob-

tain the Laplacian potential distribution inside region R. From this potential



distribution and the equations of motion, ion trajectories are calculated and the
first-order space-charge-density-distribution function f(w,r_e,z) of equa-
tion (S) is determined. There is an additional feature in this computer program
for pointwise calculation of ion trajectories that is not included in refer-
ence i. In the event a trajectory goes through an almost 90° bend, a switch in
the program changes the direction of sweep(e.g., from r to z) of the incre-
ments from station n to station n + i. The accuracy of computation is im-
proved by this method.

A series of successive approximations to the space-charge-density function
f(w,r,e,z) together with the necessary precautionary checks, as discussed in
reference i, then gives the solution of the axially synmletric Poisson equation.

_JMERICAL EXAMPLE

The example chosen to demonstrate the numerical method of solution of the
axially symmetric Poisson equation is a hollow-cylindrical-beam ion thrustor.
The mathematical model that has been analyzed is shownin figure i. The coordi-

i (]
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nates of the electrode shapes were obtained from reference 3. The configuration

was slightly modified to conform to physical reality, namely, the inner elec-

trodes were assigned a definite thickness rather than lines as given in refer-

ence 3. The downstream external boundary conditions were chosen to permit the

program to analyze in detail the aperture effect and the impingement current on

the electrodes. These effects are of vital interest to good ion-thrustor design.

An IBM 7090 computer was used to solve the numerical example. (The computer pro-
gram is given in appendix C.)

Operation of the hollow-cylindrical beam ion thrustor is as follows: Ions

are formed on the ion emitter, for example_ the porous tungsten type_ which is

heated and at a positive potential relative to ground. The accelerator or inner

electrodes are at a lower potential than the ion emitter, usually at a negative

potential to prevent electrons from entering the thrustor. With the assumption

that an adequate flow of propellant is supplied (cesium vapor in this case), the

potential field created between the ion emitter and the accelerator electrodes

gives rise to space-charge-limited flow of the ions.

The boundaries were chosen as follows (see sketch (c)): (i) the ion emitter

and the emitter focusing electrode YI at a uniform potential of 2828.6 volts,

(2) the portion of the external boundary between the emitter focusing electrode

and the accelerator electrode Y2 with the normal derivative equal to zero, (3)

the accelerating electrode Y3 at -1592.4 volts, (4) the portion of external

YI

Ion emitter, YI

k Accelerating

r

_n = Y2

/-Accelerating electrode, Y3

_n=Y4

= r4
Z

--Axis (i.e., centerline) of hollow cylindrical beam

(c)

boundaries behind the accelerating electrodes Y4 arbitrarily chosen with the

normal derivative equal to zero, (5) the problem arbitrarily terminated with

i0



ground potential _5, (6) the inner accelerating electrode Y6 at ground poten-
tial. All potentials are referenced to ground. The potentials YI' Y3J and Y6
resulted from inverting the potentials for electron flow given in reference 3.
In this inversion, Y6 was arbitrarily chosen at ground potential.

The treatment and the location of the downstreamboundaries Y4 and Y5
are arbitrary from the mathematical viewpoint. For a real ion thrustor, however_
these boundary conditions maybe of considerable importance. As discussed in
reference i, various possibilities mayarise that are primarily related to the
problem of beamneutralization. It is not the purpose of this report to show the
dependenceof the selection of the downstreamboundaries on the overall solution
of the problem, but the reader is cautioned to use his own judgment or available
experimental data to determine the approximate downstreamboundary conditions for
a given configuration. It was felt that the selection of the downstreamboundary
as shownin sketch (c) maybe a good approximation to the actual operational con-
ditions of this thrustor.

Equipotentials of the solution of the Poisson equation for region R (shown
in fig. i) together with ion trajectories are shownin figure 2. The average
current density of the ion beamat the emitter was calculated to be 0.147 ampere
per square meter for the potential distribution shownin figure 2. This value
is very low because of the "accel length" of 4 to 5 centimeters instead of 4 to
5 millimeters as mayoccur in real ion-thrustor practice. From examination of
the ion trajectoriesj the impingement current on the accelerator electrodes was
calculated to be 5.0 percent of the ion emitter current.

----_ Equlpoten t ia]

Ion traJector_
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Figu_re S, - Equipotentials and ion trajectories for space-charge-]imlted flow in region R

of figure i.
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It is of interest to analyze the right-hand side (RHS) of equation (3), as
was done for the two-dimensional case in reference I, for the first row (or
colunm) from the ion emitter (i.e., meshpoints G7, 80, 93, 106, 119 in the first
row from the emitter in fig. i). If it is assumedthat the trajectories very
close to the emitter may follow straight lines, the RHSfor the first row from
the ion emitter can be written as

f_ 1 (14)
co

where JE is obtained from the Child-Langmuir formula:

4 nw3/2
JE = _ eo h2

From the conservation of energy equation,

If the potential along the first row is assumed almost constant (trajectories are

straight lines),

L_w =tarw

and equation (14) becomes

4Ar w
f --- -- (!s)

9 h2

Substitution of equation (15) into equation (¢) written, for example, for mesh

point 80 (see fig. i) gives

h

Thus, when the potential distribution from the solution of the Laplacian equation

is known, a quick check of the RHS as a first approximation of the Poisson equa-

tion at the first row can be made by multiplying the potential difference between

the emitter and the mesh point of the first row (or column) by (4/9)r.

It should be noted that the electrode shapes obtained from reference 3 were

calculated by a numerical method for a hollow beam described by an analytical

solution in which the voltage and electric fields vary exponentially with respect

to distance along the axis. The analytic solution of a hollow beam with cylin-

drical emitter did not take into account the aperture effect. Therefore, it

would be expected that the electrode shapes calculated from that analytical so-

lution may be in error for an actual ion-thrustor design.

12



The calculated impingement current of 5 percent herein might be attributed
to accounting for the aperture effect as well as a change of the electric field
around the electrodes resulting from introduction of a finite thickness to the
electrodes. It is fe]t_ therefore, that the agreement of this numerica_ method
with the method of' reference 3 for determination ,of electrode shapes for axially

sylm_tetric ion thrustors is good. Improvement in the ion optics may possibly be

obtained by blocking segments of the ion emitter that had contributed the portion

of the space-chaa_ge flow that was intercepted on the accelerator electrode. This

type of improvement of ion optics is discussed in reference 8.

CONCLUDING REMARKS

The objective of this paper was to develop a numerical method of solution of

the axially symmetric Poisson equation for mixed boundary conditions. The region

for which the solution was sought was overlayed with mesh points, and for each

mesh point the differential equation was replaced by finite-difference approxima-

tions. These approximations gave rise to a set of linear algebraic equations.

For N mesh points in the region R_ there were N linear algebraic equations

with N unknowns_ which resulted in an N by N real sym_letric matrix - a

Stieltjes matrix.

The theory of regular splittings was used because of the nonuniform main

diagonal entries in the matrix. The matrix equation was solved by the Cyclic

Chebyshev Semi-Iterative method on an IBM 7090 computer. To obtain fast conver-

gence in the iterative process, an estimate of an optimtml relaxation factor was

used.

The method of solution presented herein is general for any type of external

boundary that satisfies equation (2). The application of this method of solution

to the analysis of the space-charge flow in a particular axially symlnetric ion-

thrustor configuration was demonstrated. A_reement between ion trajectories ob-

tained by this method and those obtained from an analytical solution was very

good. The present method is superior to previous analytical methods in that the

present method includes full account of the exhaust aperture that exists in real

ion thrustors.

The method of solution presented herein may find use as a tool for diag-

nostic purposes by those working in this area. This method together with the

two-dimensional method of analysis previously reported in references i and 2 ex-

tends the numerical program to include most of the ion-accelerator geometries

currently being investigated.

Lewis Research Center

National Aeronautics and Space Administration

Cleveland, Ohio_ February 4, 1963
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APPENDIXA

A

A-1

B

B-1

b.
l,i

C

ci,j

D

DI,2

di,j

f

g

al,2

h

J

k

m

N

n

q

R

r

u

SYMBOLS

matrix of matrix equation (eq. (6))

matrix, inverse of matrix A

block diagonal matrix (eq. (7))

matrix, inverse of matrix B

entries of matrix h

off-diagonal block matrix (eq. (7))

entries of matrix C

iteration matrix

matrix associated with odd- and even-number lines of D, respectively

entries of matrix D

space-charge-density-distribution function for discrete case_ v/sq m

column vector_ B-lk

column vectors for odd- and even-number lines, respectively

mesh spacing, m

current density, amp/sq m

column vector of matrix equation

particle mass, kg

number of mesh points in region R

outward normal

unit charge, coulombs

region in sketch (a)

subregion of R; cylindrical coordinate

component of u



u

w

w
m

w-l,_

z

r

Y

A

E

E
O

e

P

T

q_

CO

arbitrary column vector

average velocity, m/sec

potential-distribution function for discrete case, v

column vector of matrix equation

column vectors for odd and evem lines, respectively

cylindrical coordinate

integers, (i or 0)

external boundary of R

discrete portion of external boundary

increment or difference

increment of length in sketch (g) and eq. (BI0)

Laplacian operator

mathematical symbol representing 'belongs to the set"

permittivity of free space, coulombs/(v)(m)

cylindrical coordinate

spectral radius of matrix D

space-charge-density-distribution function for continuous case,

coulombs/cu m

surface area bounded by subvolume • in sketches (b) and (d)

subvolume of bounded space shown in sketches (b) and (d)

potential-distribution function for continuous case_ v

relaxation factor

Subscripts:

E emitter

i,j

m

number 3 i, 2_ . ._ N

number of iteration

15



N numberof meshpoints

r_z direction

Superscripts:

m

o

i

number of iteration

initial guess

first iteration

16



APPENDIXB

DERIVATIONOFFINITE-DIFFERENCEEQUATIONS

ACCORDING TO REFERENCE 4

The Poisson equation in cylindrical coordinates is

-v2_(r,e,z) : f(w,r,e,Q (m)

,-Plane of region R

, /I /

L Subvolume, Ti

r

r-l, z

(d)

From the integration of equation (BI) over the subvolume Ti

(d) it follows that

shown in sketch

-/// +w(r,e,z)r dr de dz - //_i f(w,r,e,z)r dr de dz

(B2)

By Green's theorem, the term on the left-hand side of equation (B2) can be re-

duced to a surface integral over the area di bounding the subvolume Ti_ and

equation (B2) can be written as

f(w,r,e,z)r dr d8 dz (B5)

17



where _w(r,e,z)/_n is the derivative in the direction of the outward normal to

d i •

To obtain a five-point-formula approximation_ the following numerical ap-

proximations to the integrals of equation (BS) are made. The function

f(w,r,e,z) is assumed to be constant for the subvolume _i' and therefore the
RHS of equation (B3) becomes

/f _T. f(w,r,@,z)r dr dO dz _ fi f /_ r dr dO dz.. (B_)

For the axially symmetric case, w is independent of 8 and the normal deriva-

tives of the left-hand side of equation (B3) are approximated by the central
difference formula as

r,z+ _ Z_z

for the z-direction shown in sketch (d). Substitution of the preceding approxi-

mations into equation (BS) and integration gives the five-point formula_ which
can be written as

I_Ir _)2 (_)21Z_er- Wr+l_z- Wr z[(. 2 r + _)Ae AzlX + -_ 2-_+ Ar

}Z_r - Z_8 Az = fr,z r Zlr Z_8 Az (B6)

To simplify the matrix coefficients_ it is necessary to choose Zkr = Z_z = h.

Equation (B6) then reduces to

r(4_Wr, z- Wr, z+l- Wr, z_1- Wr+l, z - Wr-1, )+ h (Wr_l,z _ Wr+l,z) = rh2f rz _ _z

(BT)

For r _ 0 (see sketch (e)), the five-point-formula approximation of equation

(B3)is

+ Wr*l 2z - Wr_z Z_8
2_r = fr, z_ _ _-_ Az

18



For Ar --Az = h_ it follows that

hm__ _z+i
4: 8

Wr_ z-i Wr+i__ z _ h2
8 2 8 fr_z

(B8)

f
f

(e)

For the case where the normal derivative is specified at the external boundary

(see sketch (f)), the five-point-formula approximation oF equation (BS) is

Ar

(f)

/r tl z- -Wr,z+l - Wr;,,z r 2 - _ - Wr; ' r 2 - _ r - --
Az _- * Az 2_:

+ Wr-l_z Wr_z - A,9 Az r2 _ r - Az
Ar r = fr, z -

19



For Zkr = Az = h_ it follows that

2_ _h._w h h h

(Bg)

For regions with curved external boundaries (see sketch (g)) the numerical

r+l_ z_

0

_z{_
r, z-i r, z

0

r-ij z/

_p

Yi

(_)

approximation around the curved portion of the boundary P is as follows:

+ 5

For Zkr = Az -- h, it reduces to

Wr-l;z - Wr;z _ )AS_ (__)ez-_+_
L , ;Z

+ - _ - 2x Az

_ Wr,z- r+ C2-'_'-=)Wr+_,__(__})r_+_w_2--Z--]r-l,z

rh = rh(h + 5_
- -_- Yi - rWr, z-i fr, z \_]

(Bi0)
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APPENDIXC

IBM7090 ION-THRUSTORFORTRANCODEANDBLOCKDIAGRAM

By Carl D. Bogart

A schematic representation of the Fortran program is shown_followed by the
symbol list_ a flow chart of the program (fig. 3), and a complete Fortran list-
ing with the data for a sample case.

Start
Data input

and
conditional
eigenvalue
calculation

Conditional f_exit

Conditional
modification
of RHS

aSameprogramas Poisson solution with RHSequal to zero.

Conditional

iterative
solution of
Laplacian
equation a

Calculation

of trajec-
tories and

RHS

Iterative

solution of

Poisson

equation

Control Words:

A_

ATY

IXO

JOT

KAB

KAN

KBA

FORTRAN CODE SYMBOL LIST

x-emitter coordinates

y-emltter coordinates

positive_ RHS prints out] negative or zero_ RHS will not print out

number of lines of trajectories to be printed out

number of lines to traverse to obtain equipotential line

test point for RHS

test point for equipotential line if current is calculated from equal

delta potential

21



KBN

KCY

KISW

KRL

LINC

M0

NCOOR

NEM

NJOT

NLB

NLC

_D

_IT

NPOL

NPONT

NRL

NSPAN

NSWP

NTJ

NTOP

NTP

22

vector to test for space-charge-limited flow

positive, all print-outs occur; negative or zero, no print-outs

positive, calculation of current is with equal delta-x_ negative or

zero, calculation of current is on equal delta potential

cycle counter

vector determining order of calculation of lines

positive, test RHS upper bound_ negative, test RHS lower bound; zero, no
test

positive, emitter coordinates are beginning trajectory coordinates;

negative or zero, beginning trajectory coordinates are calculated

number of emitter coordinates

number of heading cards

number of lines of trajectory output for Poisson solution

number of LB's to be read in

number of LC's to be read in

number of LD's to be read in

number of lines in matrix equation

negative_ eigenvalue to be calculated; zero, potential input is from

resistance paper; positive, potential input is from dump for restart

first point in equipotential or first point for calculation of current

from equal delta-x

number of points per line

number of cycles

width of y-sweep if equipotential is calculated for horizontal emitter

positive or negative, sweep is in y-direction; zero_ sweep is in

x-direction initially

number of trajectories

total number of points

number of KT's or XT's plus eight



NUL numberof iterations on matrix equation

NURL initially to changeNULfor Poisson; later as a switch to indicate end
of problem

Problem Specifications:

A

EPS

H

HGH

HSL

JT

KT

LB

LC

LD

NJT

NKAN

RX

SIZE

VA

VAT

VB

VBT

VC

XLOW

XLSL

XM

atomic numberof ions

convergence test for matrix equation

meshsize

lower coordinate of upper electrode

maximumslope test to changesweep

vector of type numbers

vector of relative subscripts

vector defining first and last point to be calculated for each line

vector determining trajectory and RHScalculation

vector determining equipotentials calculation

numberof JT_s

numberof test points for over space-charge-limited flow plus one

suppression factor for RHS

step size in equipotential calculation

emitter potential

upper potential in equipotentials calculation

upper electrode potential

lower potential in equipotentials calculation

lower electrode potential

upper coordinate of lower electrode

minimumslope test to change sweep

error function term

23



XN error function term

xqH charge-to-mass ratio

XR spectral radius of matrix

XT vector of relative weights

YEP permittivity of free space

N:

Figure S, - F2,o',_' chaz't.

2.4



ION-THRUSTOR FORTRAN CODE

C MAIN ON

200

L3

C MAT IN

2

3

4

7

5

23

24

6

].

-UAIA INPLI MA IF,I

COMMON LRtl, LB, J I,KH ,L, XI,KT ,LINC, LB,XR,kTEP, NUL, NL Ih,hREG, NrP,

NP II,XEPtNXI-P,CL,NPCNI,AXtAY,VXtVYtCX,CELYtYEP,XCMtFtKISW, ETX,

ETY,P TY,P TXtNAJ ,N IJ ,KBA ,VA, VB, VC ,hCCCR, KCH,HS L ,XLSL, EPS, NPOL,

NPUL , JO I ,KAB ,N SPAN ,R X ,NRL ,KRL ,KAK ,LC ,LD ,VAT ,VeT ,S IZ E ,KBK, RFUF,

RFDOhN, XCL,NO T,MC,KC Y, NS_P,A TX,ATY,KAT,KAT [ , KA_I_, _Ui_L, I_JCr,

IXO, FCH, XL(]'_, XMPR ,NE_

CIMENSION K_IN{2C),LD{4) ,LC(LO) ,URH(4OOO),UB(4OOO),JT(4000),

RPI 4CCO),C(4CCC) ,XI (630) ,KT ((>30) ,LI _C (50) ,LB(200 ) , CUT40 ),VY( 4C )

,VX(4C),KCH(4C) ,PTX(4C) ,PIY(40) ,A_(40) ,AX(40) ,ATX(40 ),ATY(4C),

ETX(4C ),ETY(4CI ,XCU(4C} ,_,CY(IC)

FtU= L

KFAC INPLT TAPE 7,LCC,NH

CO 13 J=I,NH

READ INPb[ IAPE 7,1C7

_RIIE OLTPUT TAPE 6,L07

REAb INPUT IAPE 7,[CC,NIOP,kPCNI,KAh,I_SWF,I_URL,kJET,IXE

READ INPUT IAPE 7,1CC,NLL,NLIN,hLB,kTP,hJT,_PIT

KEAC INPUT IAPE 7,tCC, (LIt_C (J) ,J=L,t_LINI

READ INPbI TAPE /,ICC,|Lb(J) ,J=[ ,kLB)

CO I J=_,NTP,6

K=J *5

READ INPbT TAPE 7,[CI,(KI(M) ,P=J,K)

READ INPbT TAPE 7,1C2,(XT(M) ,_=J,K)

REAU [NPLI TAPE 7,LC3,(JT(W) ,_=),,hJT)

hEAD INPUT TAPE 7,1C2,XR

IF(NPITI 2,3,23

CALCULATES THE EIGENgALUE LSED IN THt" ITERATIC_ SCFE_E

CALL MA I IN

JB=I

CO 5 JL=[,NLIN

READ INPbT TAPE 7,LCC,NC,NL,NR,NS

READ INPbI TAPE 7,1C4, (Lll {J) ,J=L,hC)

NL =NL ÷LB (JB )

NR=NR +LB(JB )

ELl 7 K=I,NC

CO 4 JB=NLtNR
U( Jb }=UB (K)

NL =NL +N S

NR =;'_R÷N S

JB=JB+4

(;U 10 24

N TOP =N TOP

CALL BCREAD(U(NIOP) ,LIE))

CO 6 J=I,NTOP

b8{J)=lJ(J)

RFIJ J=C.

READ INPUT TAPE 7,ICC,NCCCR,KBA,hTJ,kEM,kPCL,h, PUL,KAS, NSP_N, JCT

, NLC,K I Sh,NRL ,NKAN, KLD

REA_, INPUT TAPE 7,1CC,(KBh(J),J=[,NKAN)

READ INPUT TAPE 7,1£C,(LC{J),J=I,hLC)

READ INPUT TAPE 7,LCC,ILDIJ) ,J=L,hLC)

REAC INPl, I IAPE 7,LC2,VA,_t_,_C,H,EPS,RX

REAl] INPl, I TAPE 7,[C2,HSL,XLSL,HGH,XLCW,XI_,X_

25



XMPR=2.* (XN*XM )*m21 (XN* wZ_" XM**2 )

READ INPLT TAPE 7,[C5,YEPiX(QMtA

REA0 INPUT TAPE 7,[C6,VAI,VBT,SIZE

XtQM = XQ M IA

REAt_ INPLT TAPE 7,LC4tIATX(J) ,J=I,NEM)

READ INPUT TAPE ?,IC4,(AI_(J) iJ=XtNEP}

IF(NCOOR ) LC,10,IL

Ii CO 12 J=I,NEM

EIX(J )=ATXIJ)

_2 EIY(J )=ATYIJ)

[0 CON I IN UE

KRL =NRL

REAC INPLI [APE 7,[CC,NPI I

REAO INPbT IAPE 7,LCC,[KCY(J),J=I,14)

IF(NP IT) 25,25,2E

C UCAL SOLVES IHE MATRIX EQUATION

25 CALL LCAL

C MNIRI CALCULATES THE RHS AND IRAJECICRIES

26 CALL MNTRI

GO TO 2C0

lO0 FORMA I ( 1415)

10 1 FORMA I ( 6 | 5 )

102 FORMAT( EF [C.5)

103 FORMAT(1315)

IC4 FORMAT(?FIC.5)

IC5 FORMAT[ ?EIC.5)

100 FORMAT( 3FIC.5)

107 FORMA I ( 72H

!

END
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SL.BRULTINE MA II_

C MAIIN CALCULATES I_E EIGCN_ALL.E

COMMON LRH tLi3 tJ ItRH ,L, X I , KI ,LINC t LB , XR flUTE P th,UL _NL [I__I_RECt Nl'Pt

! NP I f, XEP,NXEP ,C L,hPCNT ,AX,A YtVX,V¥ ,CX tDELY _YEP ,XCMt FpK ISWt ETX,

2 ETYtP IYtP TX,NAJ ,_ IJ ,KBA ,_A, _tl,VC ,_CCER,KCH,HSL ,XLSL, EFS, NFCL,

] NPbL _JOI tKAB tNSPA._ tRX,NRL ,KRL , KAN, LC tLC tVAT,VBT vS IZ EtK_NI RFUPt

zo RFDO_N,XCL,NOT,MC,KCY,NSkP,AIX,ATY,KATfK_TTrK_,hURLtNJCT,

5 [XO, HGHt XLU_ t XMPR,NE M

C[MENSION KBN(2C),LD(4) ,LC(],C) ,t,RH(4000) ,UH(4OOO),JT{4000),

i RI-|zfCCC),I,(BCCC),XT(63C) ,_(TIb30) ,LIhCI50),LBI200},CU{60),VYI4C)

2 tVX(4C)_KCH(4C),PIX(4C) ,PTY(4C) ,A¥(40} tAX(40),ATX(4(] ),ATY(4C),

3 ETX( 4C ) ,ETY(4C) , XCb (4C) ,KCY (LO)

C IMEN S 10;_ A(63),X(21)

EQUIVALENCE {LRH(L),A(I)),(LRH{L(]O} ,X(1))

C MIT=NUMBER OF ITERAIIO_S G_, EIGENVALI_E CALCLLATICN

C KWR=-OR 0,_0 {NTERMEDIAIE OLTPL_I

C KWR=_,PRINT INTERMEDIAIE IIERAIICNS CN E|GEkVALUE CALCULATI{

REAL] [NPbl TAPE ?,IC2tM! T,KWR

C COLUMN VECHJR INITIALIZED

50 CO 46 J=I,NTOP

lF(JT(J}}43,43,44

43 L(J )=C.

C-O ILl 4_

4_, bIJ }=I.

z_6 CON T INLE

JS=-I

C ITERAI IVE LOOP

CO 4_ M=L,MIT

JB=_

LOOP ON NUMBER OF LINEE

C0 3L ND=L,,NLIN

IFIL INCIND)) 23,31,23

2.3 KA=LB(JH)

Kt3=LB(JB÷I)÷KA

K C =Lid, ( J8÷2 ) ÷KA

JV=I

JL=l

CO I3 K=KB,KC

SLM=C.

JZ=JI(K]

IF(JZ) X3, I3,14

I4 CO 15 JY=3,5

JX=JZ_JY

A(JI,)=XT(JX)

15 Jb=JL,* 1

CO L(:: JY=[,2

JX=JZ*JY

J_=K÷KT(JX)

IE SLM:SLM*XI(JX_*L (Jk}

X(JV)=SLM

JV=JV÷I

1.3 CUNIINbE

N =KC-KB "(,I

CALL MAI'RIX(N_A(2) _,x)

IS LSEO FOR THE FCR_ARO Afro BACK SU_SIITUI"IEf_

JV=I

C M ATR IX

2?



C0 17 J=KB,KC

RI-'(J)=X(JV)
17 JV=JV÷l

3L Jb=Jb÷4

C SWXTCI'- ALLUh[NG MATRIX lC 8E APPLIED TkICE

IF(JS) 32_ 34,34

32 CO _3 J=I,NIOP
bB(J)=b(J}

33 b(J )=RH(J)

GO TO 41

CETERMINATION OF SMALLEST At_O LARGEST RATICS FCR

34 XL=C.

XS=I.

CO 39 JD=XtNTOP

IF( L( JD ) )39,3_,_5

35 X=RE( JD )/L8 (JO)

IF( XL-X )36t 37t 37
36

37

38

39

52

51

4C

_t

z,2

47

LOt
IC2

1.03

XL=X

NNL =J D

IF( XS-X )3_, 39,3E

XS=X

NS=JD

CON f IN IJE

IF(KNR) 51t5[,52

_wRIIE OLTPUT TAPE 6tiC[ _M,XStXL,_Stt_f_L
YL =Rh(NNL )

CO 46 JD=I,NTOP

b( JE] ) =RP ( JD )/YL

IF( XL-XS- X.CE-O])42,42,4t

JS=-JS

XR=SQRTF (.5- (XL+_) )

_R lie OLTPb [ IAPE 6 )IC3 ,XR

RETI_RN

FURMAI {20H LGW HIGH

FORMA I( 1415)

FORMAT( 4HCXR= F IC.8)

ENC

[ 5 t2 FI3.8,5H

EIGEtWALUE

216)
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SbL_dbT [NE MATP, LX(N,A,XI

r.IAIRIX IS b3ED FOR IHE FCRI_ARD AND

IC

II

_ACK SUBSTITbTTCN

CU M_[JN LRH, bF, ,J l,i<H ,L, XT,l_ [ , L[ NC , LB, X_,k [CP,NUL, NL lr_,kREC, NTP,

NP I I,XEP,NXEP,CL,I_PCNI,AX,A_,vX,V'_,IJX,BELY,YEF,X_IV,I-,KISW, ET×,

EIY,PIY,P [X,NAJ,N IJ,KBA,VA,VI_,VC t_CLCR,KCP,PSL pXLSL,EFS,NFCL,

NpbL , jO T, KAL_ , NSPA_, ,R X,Ni_L ,KRL ,KAN, LC ,LD ,VAI- ,VBI- ,S IZ E, KE_IX,RI-UF,

RI-OL]_N , XCG,NO [,MC _KCY,NS_P,A [X,ATY , I<_T ,K_T[ ,K_BB, _UNL, NJCT ,

[ XU, FGH, XLO _, XMPP. ,NE P
CIMtzNSIL)N K_N{2C),LD(4) ,LC(I. 0) tLRH(4000) ,UB(4OOOI,JT[4000},

_h(4CCC)tb(4CCC),XII63G) ,K r(63o) ,L[_C(50) ,LB(200) ,CU(40)tVY(4C }

, VX( 4C ) ,KCII( 4C ) ,PIX (4C) ,P IY (40} ,AY (40) ,AX (40) ,ATX (40), _TY( 4C },

ETX(4C),ETY(qC) ,XCL (4C) ,KCYILO)

EIMENSION A(63) ,_(21)

CU

)=C°

)/A

I) 12, 12,_

A(M+I

A(2)=A(2

X=X/A

IF (_'_-

K=2

CO IC J=_,,M,J

AIJ )=AIJ )-AIJ- I)*A (J-2)

A(J+I)=AIJ+I)IA(J)

X(K )=( X(K )-A (J- ].)* X (K- I ) ) /A(J)

K=K+I

K=K-I

II J=I,M,3

N B=M- J- I

K:_- i

XIK }=XIK )-A (NB)*X(K+I)

R E T LRN

_D
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UCAL

SI_BROL T INE LCAL

SOLVES IHE MATRIX EQ_AIION

COMMON LRH, LB, J I ,KH ,L tXI,K T,L[ NC, LB,XR,_TCP,f_UL,I_L Ih,hREC, NTF,

t NP ITt XEP tNXEP,CL ,NPCN I ,AX tAY,VX, VY tCX,OELY t YEF,XCP,F,K ISW, E rx,

2 EIY,P[Y,P fXtNAJpNIJ,KbA,VAtVB,VCt_CEER,KCFtHSL,XLSLtEFS_FCL,

3 NPUL ,JO I,KAb,N SPAN,RX t NRL tKRL, KAN, LC ,LD,VAT ,VBT ,S [Z E, K Bt_,RPUP,

4 RFDO_N, XCb,,NO I,MC,KC Y,NS_P,AIX,A IY ,KAI,K_TT ,KAB_ hURL p_JCT,

5 IXO, FGH, XLO _, XMPR tNEM

CIMtNSION KbN(2C),LD(4) ,LC([0) ,LRH(40OO) ,UB(4OOO),JI|4000),

I RP(ACCC),b(QCCCI,;(T(630),KI(b30) ,LI_C(50),LB{2OO),CU(40),VY(AC)

2 tVXIAC)tKCH(AC) tPIX(AC) tPIY(AG) pAY(k0) tAX(40) tATX(AC)t_TY(AC),

3 EIX( 4C ) ,ETY ( 4C ) , XCL, (4C) ,KCY ([0)

CIM_NSION A(63) ,X(21)

EL_U [VALENCE (I,RH ( i} ,A(I)) , (LRH (I00) ,X ([))

4_

38

33

27

22

34
2_

26

28

MATR IX

23

MA[R IX

SX=I.

X,_= I.

CO 3C NLI,=I,NLL

NEZ=NLU

XEP =O •

XM:.25*XR**2

NOD= [

JB=l

CO 2g NL=I,NLIN

IF(L |NC(NL)) 35,35,33

KA=L_|JB)

K_=LB{JB+I) +KA

KC=LB(JB÷2) ÷KA

JV=I

JL=I

CO 2_ K:KB,KC
SUM=(]

JZ=JTIK )

IF(JZ) 28,28t27

CU 22 JY=3,5

JX=JZ*JY

A(JL )=XT(JX)

JL:JL_+ I
CO 26 JY=I,5

JX=JZ÷JY

IF(KTIJX)) 34,2(:,34

IF(XT(JX)) 26,2_ _25

Jt_=K_-K [(JX )

SUM=SLM ÷X[ ( JX )*L (JW)

CON I IN bE

X(JV}:SLM÷XT(JZ}*RH{K)

JV=JV*I

CON f IN UE

N=KC-KB÷[

IS LSED FOR

CALL MAIRIX

JV=l

CO 24 K:KB_KC

IFiJIiK)) 24t24,23

C!F=XIJV)-U(K)

JV=JV÷I

EQUAT ION

IHE FCRWARD A_D BACK SUBSTITbTI[_

(N,A (2} ,X)

3O



U(K}=XW*DIF+U(K)

CIF=ABSF(DIF)

IF(DIF-XEP) 24,24,2I

21 XEP=DIF

NXEP=K

24 CON I IN UE

35 JB=JI_÷4

29 L INC(NL )=-L INC (NL)

(F(XW-I.) 40,31,40

40 XW=I./{ I.- XM* XW)

GO TO 41

3L X_=l./( I.- 2._XM)

41 IF|NOD) 31,37,3_

36 NOD=C

CO IO 3E

3? XCON=XEP_ XMPR

IF{XCON-EPS) 42,42,30

30 CON T IN bE

42 KNUI=KBN( I)

J=2

00 43 K=I,KNIJT

JN =KBN (J )

IF(LIJN)-_A ) 43,44,44
43 J=J+I

GO TO 47

44 SX=SX_RX

WRITE OLTPbl IAPE 6,IC0,JN,L(JN} ,SX

CO 45 J=I,NTDP

blJ }=LB(J)

45 RF{J)=RH(J }*RX

KAN=KAN

RFUP=RH{KAN )

GO TO 4E

47 IFINRL-KRL ) 2,1,2

1 NbL =NLRL

NTOP=N TOP

CALL 8CDUMP IbINIOP),L(1))

2 I_RL =NRL-KRL*XAB SF (ME)

IF(KCY(IWRL)) 4,4,3

TWOUT PRINIS Olf THE PEIENIIAL FIELD

3 CALL TWObT(NEZ)

EQLINE CALCULATES THE EQLIPCIEkTIALS

CALL EQLINE

4 WRIIE OLTPbT IAPE 6,1CI,IkRL

RETbRN

I00 FORMAI{3IHOPOINII_ALLEIIOIAL

ICI FORMAl( EHCR LOOP [2)

END

SUPRESSIE_ I5,2F1.5.5)
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EQL IN E

I

2

3

4

5

8
9

2_

10

II

12

13

14

Ib

16

17

18

19

2C

SbBROLT INE E(QL [ NE

SULVES FOR IH_- EQLIPCIENTIALS

COMMUN LRH, LO , J I ,RH ,L, XT,KT ,LI NC , LB, XR,hrcP,NUL, NL Its,NREC, NTP,

NP II,XEP,NXEP,CL,NPCNI,AXtAY,_X,VY,DX,DELYtYEP,XCM,F,KISW, EIX,

ETY,P TY,P TX,NAJ ,N IJ ,KBA , VA, VB , VC ,NCCCR,KCH ,HSL,XLSL, EFS, NFOL,

NPUL,JOTtKAB,NSPAN,RX,NRLtKRL,KAN,LC,LO,VAT,VBT,S IZE,KEN, RI-UP,

RFDU_N, XCL,NOI,FC,KC Y,NS_P,A IX,ATY,_aT,KaTT ,KaEe, hURLtNJCT,

IXO ,FGH, XLU_ tXMPR ,NEM

CIMENSION KBN(2C),LD(4) ,LC([C) ,bRH(4000) ,UB(4OOO),JT(4000),

RF(4CCC),L,(4CCC),XI(630) ,KI(630) ,LIhC(SO),LB(2OO),CU(40),VY(4C)

,VX(4C),KCH(4C) ,PIX(4C) ,PIY(4C) ,AY(40) ,AX(40),ATX(40 },ATY(4C ),

F.TX( 4C),E TY(4C) ,XCL(4C) ,KCY(IO)

JB=l

IFISIZE) [,21,I

PtJ fEN=VAT

JE=LO{JB)

JC=LD{ JB+), )-i

JC=LO(JB+2)

CX =L [_( JD +3 )

CX=DX*H

BX=C •

JEC=JE+JD

L=I

IF(JL- l) ],3,4

AX=C.

CO 22 JJ=I,JC

KS=I

AAY=C •

CO Ig K=JE,JED

IF(KS) E,E,_

M=t

J =K-LD ( JB+ I )

CO TO 9

J=K- [

[F(JT(K)+JT(J)) t8,18,28

IF( ( b(K }-PO IEN)* (L (J)-PC IEN) ) IO,lO,I8

C IF=ABSF(L(J)-b{K) )

IF(DIF) 13,13,11

IF(M) 12,14,12

VX{ L ) =AB SF (t (J )-POTEN) IDIF *DX+ A'X

VY(L )=AAY

GO TO t5

VX(L )=AX+DX

VY{L )=AAY

60 TO [ 5

VX(L)=AX+OX

VY(L )= ABSF (L(J)-POIEN) /DIF*DX÷AAY

IF(L-7) 17, 16, I#-

WRITE OLIPUT TAPE 6,[CO,PCTEN,(VX{I),VY{I),I=I,7)

L=C

L=L{I

AAY=AAY+DX

CON I IN UE

IF(KS) 2t,21,2C

KS=C

M=C

32



21

22

23

24

25

26

27

IC0

JE=JE+I

GO TU 5

JE=JE+JI]

JED=JE+JL)

8X=BX+DX

AX=AX÷DX

CUN I IN UE

IF(L-2) 25,23,22

CO 24 J=L,7
VX( J )=C.

VY(J )=O-

hRITE OLTPUT TAPE

PO TEN=PO TEN- S ! ZE

ZF(POTEN-VB T) 27,26,26

AX=AX-BX

GO [O 2

RETURN

FORMAl{ I?HCPOTE_,TIAL (X,Y)

END

6,IC0,PCTEh, (VX (I) ,VY(1) ,I=I,/)

F8.1,2H 7(2H (F5.3,1F,F5.3,2F) ))
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TC

2

X

7

8
3

II

LO0

LOl

I02

L04

SUBROLT [NE IWOLI (KK)

TWOUT PRINTS OLT THE PCTENTIAL FIELD

COMMON LRH, LB, J I,RH ,L, X I,KT iLl NC ,LB,XR,I_TCP,KUL,_L Ih,I_REC, NTP,

NPITtXEP,NXEP,CL,NPGNT,AX,AY,YX,VY,CX,DELY,YEP,XEM,I. mKISW, ETX,

ETY,P TY,P TX,NAJ ,N IJ,KBA ,VA, VB ,VC,I_CCCR,KCH,HSL,XLS L, EPS, NPOL,
NPUL ,JO T,KAB ,N

RPD(}WN, XCL,NUT

IXOtI_GH,XLOW,X

DIMENSION KBN(

RF(4CCC),L(4CC

VX( 4C ),KCH( _C

ETX( 4C ) ,E TY(4C

NN=KK

hRITE OLTPUI TAPE

XCON=XEP*XMPR

_wRIIE OLTPUI IAPE

IFIMO) I0,3,[C

K=[

CO [ J=I,NTOP
KI(K )=J

XTIK )=UIJ)

K=K÷I

IFIK-_) 1,2,2

I_RIIE OLTPUI TAPE

K:[

CON T IN UE

IF(K-2) 8,6,6

CU -i J=K,e

KT{J)=C

XT{J )=C.

hRITE OLTPUT TAPE

RETURN

SPAN ,RX,NRL ,KRL,KAI_ ,LC ,LIT,VAT ,VeT ,S IZ E,KBK, RFUP,

,MC,KC ¥, NSWP ,ATX,AIY ,KAT ,KATT ,KAB_, I_URL, NJCT,
MPR,NEM

2C),LD(4) ,LC (LC) ,LRH (4000) tUBI4OOO},J[(4000),

Cl,XT(630),KT(630) ,LIhC(5OJ,LB(2OO),CU(4OI,VY(_C)

) ,PIX(4C) ,PIY(40) ,AY(40I ,AX{40),ATX(40),ATY(4C ),
) ,XCL (4C) ,KCY([O)

6,1C2 ,KK

6,ICl ,NXE P,XCCN,EPS

6,[C0, (KT(L) ,L:] ,8} , {XTIL),L=I,8}

6,[CC,(KIILI ,L=1,8) ,(XTIL),I=I,8)

WR ITE OLTPUI TAPE 6,IC4

CO IT J:I,NTOP

L(J):.5*(L(JI+LB(J))

JOT=NJO I

NURL=-777/

GU TO [C

FORMAI{ |H 815,8FIC. 3)

FORMAT{21HOPOIN1/ERRORIEPSI LCN

FORMA T ( I]HCL-I TERA TIGN 13}

FURMAT{23HOL-FIELD IS AVERAGED.
END

15,2FL5.6}
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SLBROL TINE MNIRI

C MNTR! COORDINAIES IHE KHS AND IRA

COMMUN LRH,LB,J1,RH,L,XI,K

I NP I T, XEP,NXEP ,CL tNPCNT tAXi

2 E IY,P 1YtP IX,NAJ,NIJ pKBA ,VA

3 NPUL tJO ItKAB tNSPAN tRX tNRL p

4 RFDL)_N _ XCb t NO T tMET pKC Y tNSWP

5 [XO, HGH, XLO,, XMPR _NE M

CIMENSION K6N[2C) ,LD(4) pLC

I RF( 4CC0 },L(_CCO) ,XT {6)0} ,K

2 tVX(4C),KCH(4C) tPIX(4C) _PT

3 ETX(4C),ETY(4C),XCU|40) tKC

NPIT=C

301 CO l J:l,4C

PTX(J )=C.

PTY(J)=C.

VY(J ):.CCCCCI

VX(J )=C.

CU{J )=0.

L KCI_(J )=- 1

CO 35 J=I,NI{3P

Lt_{J )=b(J)

35 UR_(J )=RH( J )

NOT=JOT

NAJ =N I J- l

IFINCOOR ) 2,2,3

C ARC CALCbLATES THE EMIIIER COORDINAIES

2

JECICRY CALCULATICN

T,LINC,LB,XR,NTCP,NUL,NLIN_NREC, NTP,

AY,VX,VY ,OX,DELYvYEPtXCM, FtK ISW, ETX,

, VB ,VC,hCCCR,KCH,HSLeXLSL, EPS, hPOL,

KRL ,KAN, LC ,LC ,VAT tVBT ,S IZ E ,KBh, RFUP,

,A IX ,ATY ,KAT ,KATT ,K_BE, hURL, NJCT,

(I0) ,L,RH (4000) ,UB(4000 l, JT (4000),

[(630) ,LII_C{50),LB(2OO),CU(40),VY(40)

Y(4C) ,A¥(40) ,AX(40),ATX(40),ATY(4C ),

YILC)

IF _ECESSARY

CALL ARC

NCOOR : I

3 IF(KISW) I3,13,I2

C PEq CALCbLATES [HE EQblPOTENIIAL LINE

i3 CALL PE(Q

12 CO II J=I,NIJ

AX(J }=EIX{J)

II AY[J }=ETY(J)

EX:LC { 1 )

CX={]X_H

CELY=DX

JC=LC|2)

JCX=LC(3)

JE=LC(4)

JEX=LC ( _ }

JC=LC{6)

JCX=LC( 7}

RM=CX/YEP

_AX:C.

NS=C

J t:D=J{]

tiO 22 JN=|,JC

CL) I J:I,NIJ

7 AY(j ):AY(J )÷DX

IFINS) _t4,5

C CURRNT CALCLLAIES IHE CLKRENT PER LfXIT LEf_GTI'I

6 CALL CURRNT

NS=I

C TRAJY CALCbLATES THE TRAJECTORY CCCRDINATES IN

FCR CL CALCULATICN

THE Y SNEEP

35



5 CALL TRAJY(JE,JEO)

IF(NOT)E,6t l?
].7 NUT=NUT- L

hRLT[ OLTPbT TAPE

E UO 2C3 K=JEtJEO,JDX

20] RI-,{K )=0.
C CALRY CALCLLATES ]PiE RHS ]_, ]HE

CALL CALRY(JE tJED)

Eli 21 K=JEtJED ,JDX
2]. KP(K ) =RP,(K )*RM

BIG=C.

SML = L •

00 34 J:I,NIJ

S=AISSF( VY| J )/VX(J) )

IF(S-BIG} 33,33,36

36 I_IG=S

33 If( SML-S| 34,34tL_

Ig SML :S

34 CON] [NbE

C SLOPE TEST FUR CHANGE CF SWEEP

IF[BIG-PSL ) 55,55,]._

18 IF(SML-XLSL) 55,55,23

23 JED=JEO-_ [

22 JE=JE÷[

hRlfE OLTPUI TAPE 6,1C4

60 TO 3C7

55 JX=(AY÷.CC0I) ID_

NOT=C

CO 2C$ J=L,NAJ
20g CU(J)=-CU(J )

JE=JEX÷JX

CO 2CC JN=I,JCX

J ED=JEX÷JDX- I

AAX=AAX÷DX

C [RAJX PICKS LP THE IRAJECICRIES

CALL TRAJX(JEX,JDX,AAX)

C CORRCT CONOIIIONALLY TERMINATES

CALL CORRCT{AAX,JN}

IF(NOT) 8,8,S

9 NOT=NOT- I

hRITE OtTPbI TAPE

8 JR=JET l

CO 2C2 K=JR,JED

202 RF(K )=C.

C CALRX CALCULATES ThE RHS IN IH£

CALL CALRX(JEX, JED, JE)

CEJ 2CI K=JRtJED

20 I RF(K ) =RP( K )_RM

JE=JE+JDX

200 JtX=JEX÷JDX

307 JOT=C

I_wRL =NRL-KRL ÷ [

IF(KCY(IWRL)) 3C_,3C4,305

305 l_R I IE OLTPUT

SLM=C.

CO ].C J=L,NAJ

6,ICO,NCT,AY (I) , {K,AXIK} ,VX(K),VY{KI,K=I,txTJ )

Y SkEEP

IN THE X SWEEP

CR SHIFTS THE TRAJECTCRIES

6,[C1 ,NC [,AAX, (K,AY (K) ,VX (K) ,VY (K),K= I, kTJ )

X SWEEP

TAPE 6,LO2,(J,XCL(J) ,J=I,NAJ)
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IC SGM= SLM +XC b ( J )

hRIiE OLTPGI IAPE 6,LC3,SLI V

304 IF{ Nt_R,L ) 3(33,3C3,3C2

C V,TEST CHECKS TI_E UPPFR AND LOWER BCLNDS CN RHS

302 CALL RTEST

C UCAL SOLVES THE MAIRIX E_LATICN

303

ICO

I01

102

IG3

104

CALL LCAL

GO IO 3CL

RETLRN

FORMAT(15,FLC.5,(LCH X _X VY

FORMAI(IS,FIC.5,[ICH Y _X VY

FORMATI 17HOINITIAL CLRRENTS

FORMA T ( EHCTLIIA L E14.6)

15 t3ELS.6) )

15 t3ELS.6))

II[7{LF_ ,12,Ei4.6)))

FORMATI24HO TESI ON SLOPES LNWET.

END

37



2

3

5

6

7

8

IGO
102
I03

ARC CAL
SbBRULTINE ARC

I

2

3
4

5

CGLATES THE BEGIhNING TRAJECTCRY CCCRDINATES

COMMON LRH,bB,JItRHtLtXI,KTtLINC,LBtXR,NTCP,NULtNLI_,hREG, NTP,

NP I I, XEP ,NXEP tC L ,hPENT ,AX,A¥ tVX,V¥ ,CX,DE LY tYEP ,XCM, F,K ISW, ETX,

E IY,P IY,P TX,NAJ ,N lJ ,KBA ,VA, VB, VC ,hCCCR ,KCh ,HS L,XLSL, EPS, _POL,

NPUL pJOI,KAB,NSPAN,RX,NRL ,KRL,KAN,LC ,LD,VAT ,VBT ,S IZ E,KBN, RhUP,

Rf-DOWN, XCU,NOI,MO,KC Y,NSWP,AIX,ATY,KAT,KATT ,KABB,_UML, _JCT,

IXO, hGH, XLOW, XMPR ,NEM
CIMENSION KBN(2C} ,LD(4) ,LC(IO) ,URH(4000) ,UB(4000),JT(4000),

RF( 4GCO),b( 4CCC),XI (630) ,KI{630) ,LIhC(50) ,LB(200) ,CU(40),VY(40)

,VX(4C),KCH{4C) tPIXI4C),PIY{4C) ,AY(40) ,AX(40),ATX{40),ATY(4C),

EIX(4C),EIYi4C),XCb(4C) ,KCY(IO)

St.M=C.

CO 1 J=_,NEM
SbM=SLMeSQRIF({AIXIJ)-ATX(J-I) )*-2+ {ATY(J)-ATY(J-I))aw2)

6 ,lC3 , SLM ,ARCL

6,1CO, (J,AIX (J) ,AT¥(J) ,j=I,hEP)

6,[CZ, (J,E |X(J) ,ET¥(J) tJ=l,hTJ|

(12HCX,Y-EMIIIER//(7(IH ,I2,2H (F5.3,1H,FS.3,21-|

ARCL =N TJ- 1

ARCL :SUM/ARCL

K:l

REM=O.

J:l

FYP:ARCL

EIX(K )=AIX(K)
EIY(K }=ATY(K)

K:K_I
X[;IF=ATX(J )-AIX (Ji-I)

Y[;IF=ATY( J+l)-A 1_r(J)

SA=SQRTF( XD IF** 2+YD IF**2)
CSA=YD IF/SA

SNA=XD IFISA
ETX(K }=AIX(J)-HYP*SNA
EIY(K ) =A IY ( J ) ÷H YP*C SA

FYP=ARCL÷HYP
K=K÷I
REM=REM_ARCL

IF[K-NTJ ] 4,6,6

IF(SA-REM-ARCL) 5,3,3
J=J_l

FYP =ARCL- SA+REM

REM=hYP-ARCL

GO I0 2

CDN T INt_E

N EM :N EM

E[X(K |=ATX(NEM)

EIY(K )=ATY (NEM)

IF(JOT) 8,8,7

WRITE OLTPL;I TAPE

WRITE OLIPUT TAPE

WRITE OlTPbT TAPE

CON I IN UE

FURMA T

FORMAT (16HCX,Y-BEGIN TRAJ.//(7IIH

FORMAT (30H ARC,DELTA ARC LEhGTH

RETL_RN

END

,I2,2H
2F10.5)

)))
(F5.3,11-, F5.3, 2F ) )))
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C
C

SUBROLTINE PE(Q

PEO CALCIJLATES THE EQLIPOTENTIAL LIkE FCR THE CURREKT EEKSITY

CALCULAI ION

COMMON LRH, LB pJ I IRH IL_ XI,K [ tLI NC ,LB _XR,hTCP tNUL _NL II_tI_REC-tNT Pt

I NP ITI XEP,NXEP ,CL tkPCNT ,AX,A_,VX, VY tl;XtOELY,YEPtXCM_ F,K ISW, ETXt

2 ETYtP IYtP TX,NAJ,N IJ,KBA ,VA, _8, VC t_CECR tI(CH,_SL IXLSL, EPSt _,POL,

] NPUL tJOI,KAB tNSPAN tRX INRL tKRL,KA_ tLC _LO tVAT _VET tS [Z EtKI_D,t RI-UPt

4 RPEOWN ,XCU,NOT tMO ,KCYt NS_P tA IX tAT¥ ,KAT ,KATT tKAEBt _URL, NJET,

5 IXO tI'IGH_XLO_ tXMPR ,NE M

CIMENSIDN KBN(2C),LD{4) I,LC(LO) IbRH(4OOO},USI4OOO)tJT{4000),

I RP|4CCC)tb(4CCO)tXTI630),KI|630) ,LIhC(50),LB(2OO)vCU(40),VY(4C)

2 ,VX(4C)_KCHI4C)tPIX(4C) _PIY(4G),AYI40),AX(_O)_ATX(_O),ATY(4C)_

3 ETX(4C) _ETY(4C) ,XCtJ (4C) _KCY(IO)
KSA--KBA

POTEN=bIKBA }

£X=l_

L=O

KAB=KAB

IF(NSWP) _2,24,_2
32 AAY=C.

JE=LC ( 4 )

JC=LCI6)

CO 8 JJ=_,KAB

AAX=C.

JED=JE÷NSPAN

CO ? K=JE,JED

J=K-I

IF( (l_{K I-PO IEN)_ (L (JI-P(]TEN)) [,I,7
CIF=ABSF(U(J)-UIK) )

L=L*[

PIX(L )=AAY

IFI_IF) 2,6,2

2 PTY(L)=ABSFIU(J)-POTEN)/DIF_DX+AAX

GO TO 7
E PTY{L ) =AAX÷DX
7 AAX=AAX+DX

AAY=AAY÷DX

B JE=JE+JD
CO 11 J=I. tL
LL=L-J÷]
T=0.

CO IC I=ltLL
IF(T-PTX{I)) c;_ _lO

g I=PTX( I )

NN=|

IC CON T IN bE
PP=PTX(LL)

PTX(LL )=T

P IX(NN )=PP

PP=PTY(LL

PTY(LL ):P IY (NN)

PTY(NN )=PP

l l CONI INUE
CO 14 J=2,L

IF(PTXIJ)-PTX(J-I|) _,12,L_
12 NN=L - |
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13

50
?O
60
24

21

22

26
27

28

39

4O

42

43
44

I00

CU I3 JJ=JtNN
PTX(JJ ):PTX{JJ+I)
PTY(JJ)=PTY(JJ+[)
CON [ IN bE

IF(JOT) 6C_EC,?[
_KIIE OLTPUI TAPE 6tlCOt(JtPIX(J) tPTY(J} tJ=LtL]

RE TURN
AAX=C.
JE=LC( 5l

JC=LC(6)
DO 28 JJ=ItKAb
AAY=O.

JED=JE÷JD-I
CO 27 K=JE,JED
J=K-JD

IF ( ( L{K )-PO IEN )* (L (JI-PCI'EN) I 21,21,27

CIF=ABSF(L(J}-_(K) )

L:L ÷I
PTY(L }=AAY

IF(i]IF ) 22,26,22
PIX(L )=ABSF(L,(J)-POIEN) IDIF*DX+AAX

CO IU 27

PIX(L)=AAX÷DX

AAY=AAY÷DX

AAX =AAX-_DX

JE=JE÷JD

DO 41 J=I,L
LL=L-J÷|
I=0.

JJ=LL
CO 40 I=[,LL
IF( I-PTY{ [ ) ) 3gt3_,4C

I=P IY( I )

NN=I

CON I IN UE

PP=P [Y(JJ)

PIY(JJ )=I

PIY(NN )=PP

PP=P IX {JJ )
PIX{JJ )=PIX{NN)

PIX(NN)=PP

CON I INUE

DO 44 J=2iL
IF(PTY(J)-PIY(J-[) ) 44,42,44

NN =L- I

CO 43 JJ=JtNN

PIX(JJ }=PTX(JJ÷ L)

PTY{JJ )=PTY(JJ÷[)

CIJN [ IN Ij E

GO TO 5C
FORMAT(I8HCX,Y-EQUIPOTENIIAL//,(7(IH

END

,12,2H (FS.3,1H,F5.3,2F} )))
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SLBRUL T [NE

CURKNT CALCbLATE S

2C

I0

It

t2

t4

4C

50

3O

39

C bP,R N 1

THE CLKRENT PEI< Lh.[ T LENGTH

COMMON LRH, LB, J I ,RH,L, X I,K T _L[ NC t LB ,XR,hTCP,NUL, NL |D,tI_REC, NTPt

NPIT,XEP,NXEP,CL,h, PCNI,AX,AYtVX,V_,CX,CELYtYEP,XC_,I-,KIS_, ETX,

EIY,P TY,PTXtNAJ,NIJtKBA,VA, V_5,VC,I_CCCRtKCH,HSL,XLSL,EFS,NPI]L,

NPULtJOltKAStNSWANtKX,NRL,KRLtKAh.,LCtLD,V._T tVeT tS |/--E,KeNtRI-UPt

KPDOhN,XCGtNOTtMC,KCY,NSWP,A IXtATYtKAT,I<ATT,K_U,_URL,NJET,

[XO, I_GH, XLOm, XMPR ,NE M

CLMENSION K_N(2C) ,LD (4) ,LC(IC) ,LRH(4000) ,UB(4OOO),JT(4000),

K_'(4CCO),U(4CCC),XT(63G),_!(630) ,LINC(50),LS(200),CU(40),VY(_C)

,_X(4C),KCH(4£) ,PIX(4C) ,PIY(4C) rAY(40} ,aX(40) ,ArX(4C),ATY(4C),

EIX{4C ),ETY(4C) ,XCb(4C) ,KCYI].G}

CLMENSIOl'4 HX(2C

X_:2./9.*YEP*SQRTF (2._X£;_)*h

IF(K[Sh) 20,2C,_C
[;U lC J:t,3C

KI_A=KBA

Ct:L b= VA-IJ ( KtSA )
XK=XK*DELL*S_RTF (CELL)

N=J
r_=(P TX(J)÷.CCCI)/E IX

IF(K ) IC, lot It
CON I IN LE

J=i

L=I

XB=PTYIN)-E [Y( J}

YB=PTY(N+[I-ETY(J+2)

XM IL;=. 5_ (XO+YD)
UP= .5*(XMID+XD}

EN= .b*IXMID+YD)

I-XIL I:bP

FX{L+I):ON

L=L +2

J=J+2
N=N+ ].

[F(L-NAJ ) [2,[_,13

CO 14 J:I,NAJ

Cb( J): XK/H,_ (d)**2

CO 5C J:t,NAJ

XCb(d )=CL(J)

1: Tbk N

K=NPOL

J C =NPUN I

XK :XK IH** 2

J=t

JdB=K +JC
LA:.5* (L(K)+L(JCI_ ))

UL=.5* (LA+L(K))

UA:.5* (LA+D(J[JB ))

CELU:VA-LL

CL{J )=XK*DELL*S_RIF (DELL)

£ELL:VA-LA

CUIJ+I ):XK*DELC* S_R IF (DELL)
J =J -I,2

K:K÷JD

|F(J-NAJ) 3£)4C,4[

eNO



[RAJY

4L

5

1

7

9

II

LO

X2

Ig

2C

SLBRULT INE IRAJY (KE,KED)

CALCbLAIES THE CECROINAIES Ik IHE Y SWEEP

COMMON LRH, LB ,J I ,RH ,L, X I,KT ,LI NC , LB, XR,hIZP,_UL,I_I II_,kREG, NIP,

I NP I I, XEP,NXEP,C L ,t_PCf_T,AX,AY ,VX, VY,GX,CELY _YEF,XCM, I',K ISW, ETX,

2 EIY,P IY,P TX,NA J ,h IJ ,KBA ,VA, VB, VC,I_CCCR,KCH, HS L, XLS L, EPS, f_POL,

3 NPUL tJO TtKAb tNSPAN tRXINRL tKRL t KAk_LC _LO pVAT tVeT _S IZE_K_I%t RI'UF_

RFDOWN _ XCU tNOIt MC tKCY t NSWP pAIX tAIY t KAT tI(ATI tKABSt _URL, l_JCT t

5 IXOt hGHt XLOW t XMPR tNEM

CIMENSION KBN(2C) fLU(4) wLC(IO) tURHI4000I _UB(4OOO)_JT(4OOOIt

1 RI'(_CCC),b{4CCO)tXI(630),KI(630) _LIt_CISOI,LBI2OOI,CU(40),VY(AC)

2 _VXI4C)tKCHI4C)tPIX(4C) tPIY(40) rAY(40) _AX(40),ATX(40)_A[Y(4C)t

3 EIXI4C),EIY(4CI,_Cb(4C) tKCY(LO)

JE=KE

J EO=KED

JC=NPONT

CO 40 K=LtNIJ

AO=AX(K )/H

JX=AD

XA=JX
XA=AD-XA

JP=JE÷JX*JD

JS=4

JQ=JP- [

JOP=JQ÷JD

L_L=( [.-XA }* b (JQ } ÷XA* L (JOP)

J AP =JP ÷JD

_K={ 1.-XA )* L (JP ) ÷XA*L ( JAPi

IF(XA-.SI ItL_5

XA=XA- [.

JX=JX-_ L

JQ=JQ÷I3

JOP =J(J +JD

JAP =J(_- JD

YLA=(XA.t, 5 )*t_(JCP

CY=VX(K )IVY(K)

JOX=JX

XB=XA÷DY

IF(CY) _t_tlC

XB=I._XB

JX=JX- I

IF(Xt_*.5) 8,L2_12

Xid =XB- I.

JX=JX÷I

IFIXB-.5) 12,12,11

JP=JE+JX*JD

JOP =JP ÷JD
JAP=JP-JD

YRA=( XB-_. 5 )*U(JCP

IF(XB} 19,2C,20

XB= I .-AB SF ( XB )

JP =JP- 13

JQ=JP- I

JOP=JQ÷JD

JAP =JP ÷JD

bSN=(I.-XB)*b(JQI÷XB*L(JOP)

b(QN=(I°-XB)*U(JP)+XB*L(JAPI

)-2. * XA*L (JQ) + ( XA-o 5 ) .U ( JAP }

)-2.*XB*L(JP}÷(XU-.5} =U{JAP)

42



21.

_C

CI.,X=, 5- (bK- LL- L SN÷LGN)

VYB=S(jR IF IVY [K )**2-2.*XQt_*DLX)

1.3T:;;.*DX/(VYB÷VY(K) )

JS:JS-I

YA=.5*XQM*IYLA*YRA)/DX

CY=CI*(_X(K)-.5*YA*DI) /DX

JX=JUX

IF(JS) 21t21t7
VY(K )=VYb

VX(K )=VX (K)-YA*C 1

AX(K|=AX(K)÷OY,_DX

CON I IN bE

RE TI.,RN
ENC3

43



S_BRULTINE
CALRY CALCbLATES

1

12

13

2/

32

33

CALR_f(KE,KED)
THE RHS IN THE Y SWEEP

COMMON LRH, Lt_,J I ,RH ,L, X I ,K T ,LI NC ,LB, XR,I_TEP, NUL,NL Ih,I_REC', NTF,

NP [T, XEP ,N XEP ,C L ,NPCNT ,AX ,A ¥ ,VX, V_ _CX ,OELY ,YEF ,XCP, h, K ISW, ETX,

EIY,PIY,PIX,NAJ,NIJ,KBA,VA,_B,VC,hCLCR,KCH,HSL,XLSL,EFS,NPOL,

NPUL, JO I,KAB,NSPAN,R X,NRL tKRL,KAN, LC ,LD, VAI" ,VeT ,S [Z E, KBh, RI'UP,

R FDOHN ,XC b,NO T, PC ,KC Y, N St_P ,ATX ,ATY ,KAT ,KATT ,KAB _, hURL, h JET ,

IXO, I-GH, XLD W, XMPR ,NE M

CIMENSION KBN(2C),LD(4} ,LC{IO) ,tJRH (4000) ,UB{4OOO),JT(4000),

RI_(4CCO),U(4CCCI,XT[630),KI(030) ,LINC[50),LB(200],CU(40),VY(4C)

,VX(4C),KCH(4C) ,PIX[4C) ,PIY{4C) ,AY(40) ,AX(40),A/X(40),ATY(4C),

ETX(_C),EIY(4C) ,XCL(4C) ,KCYIIO)

JE=KE

JEC=KED

00 33 JJ=-I,NA J
j=JJ
PI=AX(J÷I)-AX(J )

IF(hl) 12, 12,13

h T=-P.I

XF=AX(J+I)

JX=Xh/DELY

NB=AX (J )IDELY+ l.

HA= S{QRTF ( VX (J+ l l*'2+ _Y ( J+ L ) *'2)

kb= S(QRTF ( VY ( J )*.2+ V_ (J) **2)
CO TO I

XP=AX|J )

JX=X_/DELY
HA=SWR IF ( VX(J)**2+ V_ (J) **2)

WB= SQF(TF | VX( J÷[ )** 2+ _Y ( J_L ) **2)
NB=AX | J¢ 1 ) It)EL Y+ 1.
YL=Xi-+H]
EO 32 KK=JX_Nb
K =J E ÷KK*NPON I

XA-=KK
XL,D= ( XA- .5 )*DE L'f
XX=Xt_C÷DEL Y

Yb=MA X 1F ( XbD, XH )

YD=M IN ll-( XXtYL )
IF(YD-YL) 32,32,27
XA=. 5" ( YD+YL )
_=_A+(XA-XH)*(WB-kA) /HT

RP(KI=RI_(K)+(YD-YL)*CL(JJI /(HI*k)

CON I IN bE

CON I IN tJE

REILRN

ENC
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2O

SUBKOLT INE TRAJX (KE FKEO_BX)

PICKS LP THE i_AJECTCRIES [I_ THE X S_EEP

COMMON LRH t LB , J 1,RH ,L, X I ,K l t LI t_C t L8, XR tl_TC P,I_UL t NL ilk, I_REE, NT P,

NP I [,XEPtNXEP,CL,NPCN[ ,AX,AY,VXtVY,CX_DELYtYEF,XCPtFtK ISW, ETX,

EIYIP IY,P TX,NAJ ,N I J,KBA,VA t VB ,VC,kCCCRtKCH,HSLtXLSL, EPS, NPOL,

NPUL ,JO I _KAB _N SPAts ,RX ,NRL _KRL ,KAN t LC tLC r V_T pV_T _S IZ E pKEkp RPUP_

KFDU_N , XCl., NO I ,PC ,KC Y, NS_P ,A IX ,ATY ,KAT ,KATT ,KABE, I_U RL, kJCTt

IXO, P,CH, XLO_, XMPR, NEM

CIMENSION K6N(2C),LD(4) ,LCILO} ,URH(4000) ,UB(kOOO),Ji(_O00),

RF(4CCO),L(4CCC),XI(6301 ,KT(630) ,LI/_C(50) tLB(2OO),CU(40),VY(4C)

,VX(4C),KCHI4C),PIX(4C) ,PIY(40) tA_|40) ,AXI40) •ATXI40),ATYI4C )•

EIX(4C)tEIY(4C),XCL(4C) ,KCY(].O)

JE=KE

JE0=KED

AAX=BX

CO 1C J=ItNIJ

XF(AX(J)+I.) [C,[C,[

IF(KCI_(J)) 2,[£,I[

IF(AAX-AX(J) ) [C,IO,3

IF(J-1) 4,4,5

CUIJ- 1) =-CL(J- 1)

JX:(AY(J)*.CCI) /DX

IF(NO)) 4C,4C,41

IFIJL) I ) 41,4[,42

NOT=JOT

JP=JE÷JX

JC)=JP-NPON T

JS=4

XA=AAX-A X ( J )

UL=(I.-XA)*L(JPI÷.XA*L(JQ)

CK=C(JP )

IJA=( I.-XA )* L (JP- 1)÷ XA* L (J(Q-£)

UD=(I.-XA)*LIJP÷[)÷XA*U(JO+I)

YLA=. 5- LD- • 5*LA

CY=VY( J )/V X (J)

JOX=JX

X_=DY

C-O IO 3C

XB=X6- 1,

JX=JX÷l

IF(XB-._) 12,12,31

JP=JE+JX
YRA=(XB+.5)*I_(JP+LI-2.*XB*IJIJP)÷ (XB-.5)*b(J_-I)

IF(XB) t_, I_,2C

JP=JP- l

XH=I.-ABSF(XB)

JlQ =JP-NPON T

6(JN=( l.-XB )*lJ( JP)+XB*L ( JP÷I )

USN=( I.-XB )* U( J(J )+ XB*L (JQ+ I )

L,SN=( t.-XA)*IJQN÷XA*LSN

CLX = . 5* (LK- LL +tJQN- t Sty|

VXB=S(_R IF ( VX (J)**2-2.* X(QM*DL,X)

DI=2.*XA/( VXB+V_ (J))

JS=JS-[

YA=. 5* XQM/D X* ( YLA÷ YRA)

CY=CT*(VY(J)-.5_YA*OI)/DX

z15



21

II

C [RAJ

IC

JX=JOX
|F(JS) 2l.,21, ?

VX{ J )=VXB
VY(J ) =VY(J )- YA*C I

AY(J }=AY{JI+DY*C,X

AX{J )=AAX

KCH(J )=C.

GO TO 1C

AXl J )=AX(J ) ÷[.) X

CALCULAIES THE TRAJECIORY CCORDINATES

CALL IRAJ(JEIJED tJ)

CUN I IN UE

RETURN

ENC

IN THE SWEEP
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2C

SLBKULT INE IRAJ (KE,KEO ,M)

CALCCLAIES THE IRAJECICRY CC(]KDINA,IES It_ IFE X SWEEF
CUMMON LRH, LB, j I ,RH ,L, X I,K T ,LI NC ,LB, XR,t_TEP,NUL, NL [t_,#_REG, NT Pv

NPIItXEP,NXZP,CLtNPCNT,AX,AY'VX'VY'BX'[;ELY'YEF'XCP'FtKISW' ETX,

E [y,p Iy,p I X,NA J ,NI J,KBA ,VA, VB, VC ,BCCER,I(CH,HSL,XLS L, EFS, NPCL,

NPUL_JO I,KAB,NSPAN,RX,NRL,KRL,KAN,LC,LO,V_T'VET'S IZE,KEN,RFUP,

RhDUWN, XCb,_'_OT, t_O,KC Y, NS_P, A IX,AIY, KAT, KAT r ,KAB_, hU HL, NJCT,

IXO, hGH, XLO k t XMPR ,NE Iv
CIMENSION KBN(2C),LU[4) ,LC(IO) ,LRH(4000) ,U_I4OOO),JT(4000),

RF(4CCC)_L(4CCCI,XI(6]O) ,KI(030) ,LII_C(50),LSI2OOI,CU(40),VY(4C )

,VX(4C},KCH(4C),PIX(4C) ,PIY(40) ,A't(40) ,AX(40),ATX(40),ATY(4£),

FIX(4CI,EIY(4C) ,XCL(4C} ,KCY(IOI

JE=KE

JEB=KED

K=M

IRAJ CALCLLAIES CCORDINAIES FCR X-SWEEP
AC=AY(K )/DX

JX:AD

XA=JX
XA =AD- XA

JP=JX÷JE

JS:4

JQ =JP-NPUN T

LL=(I.-XAI*L(JQ)+XA*L(J(:J+I)
L,K=(I.-XA)*L(JP)+XA*L(JP+I)
IF(XA-.E) l,I,5

XA=XA- I.

JO =J(Q÷ l
JX:JX_I

YLA=(XA+.5)*b{JQ+L)-2.*XA*t.(J(Q)+ (XA-.5)*U{JC-I)

CY:VY(K}/VX(K}

JOX=JX

XB=XA÷DY

IFICY) _,_,lC
XB:XB÷].

J X:JX- !
IF(XB÷.E) 8,12,12

XB:XB- I.

JX=JX+l
IF(XB-.E) 12,12,1l

JP=jE÷JX
yRA=(XB+.5),t(JF+I}-2.*XB*L(JF)+ (XB-.SI*UIJP-I)

IF(XB) 19,2C,20

JP =JP- I

XB=I.-ABSF[XB)

JQ =JP-NPON I
bSN=(I.-XB)*U(J4Q)+XBmL(J(Q+[)

t.QN=(I.-XB)*b(JF)+XB*L(JP+I)
CbX=. 5* ( EK- tt- LS_+LCN)
VXB= S(QRIF ( V,W(K )** 2- 2.* X_M*DL X)
C[=2.*DX/[VXB+V_(K) )

JS:JS- l

YA= •5* XQM* (YLA+_RA ) IDX

CY:DT* ( _Y(K )-. 5. _A*D l) /OX
J X=JLIX
|F(JS) 21,21,7

_7



21 VX(K )=VXB

VY(K }=VY(K )- YA*D 1

AY(K )=AY(K)+DY*DX

RE TbRN

END
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SL,BRULTINE CALR;x (KE ,KEO,KD)

CALCL, LAIES THE RHS IN IHI: X S_EEP

CUMMUN L,Rll, Lllt d I ,RH ,L t XI _ KT iLl NC t LB ,XR,KTCP, NUL _KL IK, KRECt NIP(

NPII,XEP,NXEP,CL,KPCK(tAX,AYt'vX,V'Y,CXtCELYtYEFtXCI'tI-tK ISW, El"X,

EIYtPIY,PIXti_AJ ,K [JvKI_A tVA,vBtVCthCECRtKCHthSLtXLSLtEFS_NPCL,

NPbL,JOItKAIJt_\SPANtKXIt,,RL,KRLtKAN,LC,LC,VAIpVI_TtS [ZI:,KBN,RFUFt

RI_DU _N , XC b, NO1 ,IvC, KC Y,NShP ,AIX,ATY ,KAT , K/STT , KABUt KURL, NJCT,

IXO, FGH, XLO _, XMPR ,NE M

CIMENSION KbN(2(.),LD(4) ,LC(IO) ,LRH(4000) ,UB(4000),JT(4000),

RP( _CCO),C(_CCC) _XI (630) ,K I (630) ,LI KC (50} ,LB(200 ) I.CU (40) I.VY ( _C )

,VX(4C),KCH(4C) ,PIX(4C) tPIY(40) ,AY(40) ,AX(40),ATX(40),AIY(4C),

EIX(4C)rEIY(_C),XCL(4C) ,KCY(IO)

JAC:KD

JE:K[

JED:KED

CO 33 JJ=ltNAJ

j=JJ

IFiCL(JJ)) ]3,33,1

#-I=A Y ( J+ I)-A V(J )

IF(I-I) 12, 12,L3

hl:-l_I

Xh :AY (J + I )

JX:XH/DELY

Nm=AY(J )/DELY+I.

_,A=S[QRTF(VX(J+I}**2+_Y(J÷I)**2)

_,b:SQR TF (V X( J )*_ 2+VY (J) *.2 )

6U fO 14

XF=AY(JI

J_=Xl-/DELY

hA : S_R IF (VX (J l_,2+ VY (J) **2 )

nB = SCj#,TF ( V X (J÷ I )*,_2+ VY (J+ I.) *.2}

Ni3=AY(J+I)/I]ELY÷I.

NA:JX+JE

NB=N_÷JE

YL =XH÷HI

CO 32 K:NA,NB

IFIK-JAD) 32,32,LC
XA=K-JE

XUD:(XA-. 5 }*DEL'_

XX=XLD+DELY

YL=MAXIF(XLO,XH)

YC=MINIF(XX_YL)

IF( YD-YL} 32,32,21
XA=.5_ (YD+YL)

h:hA+( XA-XH)* (hB-I_A) /HI

RF(K ):RI.-(K I+(YD-YL)*CL(JJ) /(l'I[*k,)

CUN I IN UE

CON I IN BE

KE TLKN

E,"_O
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I
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I0

13
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24

_C

S_BROLIINE CURRC IIBAX, M)

CONDIIIONALLY EhDS OR SHIFIS THE TRAJECrCRIES

COMMON LRH,LB,JI,RH,L,XI,KT,LINC,LB,XR,I_TCP,_UL,NLI_,_REG, NIP,

NP IT, XEP tNXEP,CL ,_PChI,AX,A¥ ,VX,V¥ tCX ICE LY,YEPtXCPt F,KISW, EIX,

EIYtP IY,P IX tNAJ ,NIJ tKBA, VA, VB, VC,_CCCR pKCP tHSLtXLSL IEP5, NPOL,

NPUL,JOI,KAB,NSPAN,KXtNRL,KRL,KANtLC,LD,VAT,VET tS IZE,KBNpRHUP,

RPOOWN, XCL tNO Tt MC tKC Y, NSkP,A TX,ATY tKAT,K_TT tKAB8, _U_L, _JCT,

IXO, HGH,XLOW, XMPR,NEM

CIMENSION KGN(2C),LD(4) ,LC(IO) ,URH(4000) tUB(4000) tJT(4000),

R_(4CCO),I_(40CO} _XT(630) ,KT(630) ,L!_,C(50) tLBK2OO)tCU(40|,VY{4C)

,VX(_C),KCH(4C),PIX(4C) ,PIY(40) ,A¥(40) ,AXI40) tATX(40)_ATY(4C),

EIX(4C),ETY(4C) ,XCl_{4C) ,KCY(LO)

JN=M

AAX=BAX

IF(JN-12) IC,[,12

IF(JN- I?) IC,13,1C

CU 30 J=I,NIJ

IF(AX(JI+L. I 30,3C,3

IF( XLOW-AY(J)) 4,3C,30
AYD=AY (J )-A Y (J+ I )

AY(J)= XLOh

IF(AY(J }-AY(J+[)) 5,5,6

AY(J)=-I.

AX(J)=- I.

Cb(J )=C.

GO TO 3C

AYDS=AY (J )-A Y (J÷ I)

AYOL=AYD-AYDS

Cl_(J )=CL( J )*AYD _/A YD

VY(J )=(_Y(J)*AYDS_VY(J+L)*AYDL)/AYD

VX(J }=(_X(J)*AYDS÷V_(J+I) *A_DL)/AYD

CON I INL_E
REILRN

CO 40 J=L,NTJ
[F(AX(J)+]..) 40 _,._C , 2].

IF(AY(J)- HGH ) 22_4Ct4C

AYI]=A Y (J- I )-AY (J )

AY(J)= HGH

IF(AY(J)-AY(J-I)) 2_,23,23

AY(J)=-I.

AX{J}=-I.
CU(J- I)=C.
GO TO 4C
AYOS=AY(J- i I-AY (JI
AYDL =A YI]-A YO S

CO( J- l )=C_J {J- i I*AYI) SIAYD

VYIJI=(_Y(J)*AYUS÷VY(J-I)*AY_L|/AYD

VX( J )= (_X( J I*AYO._+VX (J-I) *AYDL) IAYD

CON I IN UE

GO IO [C

END

5O



SLBKOLT INE KTESI

COMMON LRH, LB, J I ,RH ,L, XI,K T,LI kC, LB, XR ,kTZP, NUL,NL I_, _REC', NT P,

NP IItXEPtNXEP,CL,_PCNI,AX,AY,_X,V_,CXICELY,YEP,XCM,F,KISW, ETX,

ETY,P IY,P IX,NAJ ,N IJ ,KBA ,VA, VB, VC ,_CCCR,KCH ,HS L,XLSL, EPS, NPOLt

NPUL,JOI,KAB,NSPAN,RX,NRL,KRL,KA_tLC,LC,VAT tVET tSIZEvKEk,RFUPt

RFDL]HN, XC_,NOI ,_C ,KCY, NSI_P ,AIX ,AT_ t_T ,K_TT ,KAB_, _URL,_JCT,

IXO, hGH, XLO_, XMPR,NEM

r.'IMENSIUN KBNI2C),LD(4) ,LCI/O) ,URHI4OOO),UBI4OOOI,JT{4000),

RFI4CCO),LI4CCG),XI(63C) ,KT(630) ,LIhC(50),LB(2OO),CUIZ, O),VY(_C)

_vXI4C),KCH(4C) tPIXI4C) tPIYI40) rAY {40) pAXI40),ATXI4C)pAIY(4C)t

EIX( 4C ),ETY{4() ,XCLI4C) ,KCY(IO)

C RTEST CI_ECKS ON THE IJPPER AND LO_ER BCUNDS

C KAN=TESI POINT

KAN=KAN

RI=R_-{KAN)

SX=I.

C FIRST TkU CYCLES SET LPPER AND LCWER BCLhDS

IFIKRL ) 22,23,22

23 IFiMO} 11,22,11

22 IF|KRL-NRL+I) 5,2,1

C RI-UP=UPPER BOI_ND

l RFbP=R T

GO [O I(_

2 IFIR [-RHUP l

C RI-COWN=LOWER BOLND

3 RFDOWN =RHLP

M(] =-MO

RPUP =R T

GO TO I_

,CFECK IS ON

,CFECK IS ON

CHECK

/8,1_,3

4

C MO=÷I LPPER 6CLND

C MO=-I LOWER 6CLND

C MO=O , h_O

5 IF(MO) IC, I_, 8
6 SX=SX*RX

CO ? J=I,NTOP

l Rh(J )=RH(J)*RX

8 IFIRFLP-RH(KAN)) _t_,_

9 IF (RF_( KAN I-RHDO_N) II,_6,16

IO IF | (R I-RHDOI_N )* (R I-RHLP) ) 16,16,).1
11 POW=I./S×

CO 12 J=I_NIOP

[2 RP( J )= • 5_ (RH (J )*P_W+LRH [J) )

KRL=I

JJ =NRL+I

KCY(JJ )=I77

KCY(JJ÷I)=777

_RIIE OLTPGI TAPE 6,1CG

IF(MO) 14,13,13

13 RFI, P =R T

GO TO 19

14 RF_)O _N =R T

[5 MO=G

IE IFIMO) I_,IS,I?

17 Rl-l_P =RH (KAN)

CO IO I_

1_ R FOU _,'_=R T

51



Ig Xl( 1): RHDOWI_

XT(2): RH(KAN)

XT( 3): RHLP

_t.IITE OLTPLiT TAPE

IF(IXO) 21,21,2_

24 IW=NRL-KRL + l

IF(KCY(Ik)) 21,21,2C

IROUT PRINTS DL[ THE RHS

20 CALL IP,O t_I

21 MO=-MO

KRL =KRL-

RETLRN

IC0 FORMAI ( 11HORH=A _ERAGE

[C1. FORMAT(IHCRHLOW=F6, 3_4H

EN_

6,ICI,(XT(J) ,d=l,3), UIKAK)

!

RH=Fb.3,6H RHUP=F6.3,7H UTEST=FII.4)
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SLBKOLTI._E
C TROUT PRINIS OCT

IC

2

1

6

7

II

22

2X

26

27

ICO

LCI

TROLl

ThE RH S

CUMMON LRH, LB ,J IIKH ,Lt XTt K TtLI NC pLB,XR tf_TC P th,UL tf\Llhl I'_REC-,NTP_

NPIItXEPtNXEPpCLtr',PCNTtAXtAYtVX,VY,CXtDELYvYEPtXCIVtl-tKISW, ETXt

IzTYtPTYtPTXtNAJ,NIJtKBA tVA,_/B,VCtI_CCCRtKCI'tt_SLtXLSLt EFStNPCLt
NPUL t JOTtKA8 _NSPAN tRXtNRL tKRL, KAN _ LC ,LD ,V_T ,VET ,S |Z Et KI_N, RI-UP_

Rt_DfJWN t XCb t NO T t IvC,KC Y, N St_P t A IX ,A TY , I<AT ,KAT T t K,ABld, bUtYL t I_JCT,
IXO, hGH, XLO _, XMPR ,NE M

CIMFNSION K_N(2C),LD{4) ,LC{LO) ,LRH(4000) ,Uff(4OOO},JT(4000),

RF(4CCO),b{4CCC},XI(630} ,KI(630) ,LIhC(50),LB(2OO),CU(40),VY(4C}

,VX(4C),KCH(4C) tPIX(4C) ,PIY{40) ,AY{40) ,AX(40) tATX{40),ATY(4C),

ETX(4C},EIY(4C),XCL(4C) ,KCY(IO)

IF(MO) IC, ll,lC

K=I

CO I J=I,NTOP

KT(K)=J

XI(KI=RI_(J)

K=K+I

IF(K-S) 1,2,2
hRIIE OLTPCT TAPE

K=I

CON IIN l;E

IFIK-2) 8,6,6
CO 7 J=K,e

KI(J}=C

xI(J )=C.

_RITE OLTPUT TAPE

R E ILRN

WR ITE OL[PbI IAPE

K=I

CO 21 J=I,NTOP
KT(K )=J

XT(K)=.5*(RH(J)+LRH (J))
K=K+I

IF(K-S) 21,22,22
_RITE OLTPLI IAPE 6,lCC,(K

K=I

CON I IN UE

IF|K-2) 8t2E,26

CO 27 J=K,8
Kl'(J)=0
XT( J }=C.

_RIIE OLTPLI TAPE 6,ICO,{K

GO TU 8

FORMAl( 1H 815,8F].£.3)
FORMAI( 2[HORH
END

6,ICO,{KTIL) ,L=l,8) ,{XTIL),L=I,8)

6,/CO,(KIIL) ,L=l,S} ,(XT(L),L=/,8}

6,lCl

{L) ,L:L,_) ,IXTIL),L=I,8)

(L) ,L=I,8) ,(XT{L),L=I,8}

PRINT IS AVERAGE. }
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CATA

II

I-AMZA/AXI-SYMETRIC [CN ENGIN_

MAXIMUM SLUPE TEST IX CN I.

MESh SIZE:.CC5

EMITTER POTENTIAL =5_57.2 VOLTS

UPPER ELECTRODE:-3IE4.E VOLTS

LOWER ELECTRODE=C. VCLTS

SUPPRESSION FACIOR =.4

CURRENT IS CALCLLAIEC BY EQUAL DELTA

INITIAL SmEEP IS IN Y-DIRECIIGN

EMITTER COORD. ARE TAKEN AS DiE

I

221 13 IC_ I 3C 2CC l

50 2C EC 3C8 221 C
0 I -L I -I I -I

I I -I -I I C

(] I 13 C L3 5 IC

II C 52 2 12 C 6b

91 2 12 0 104 2 12

12 C 143 2 12 C 156
169 3 6 0 16S cj 13

13 C IS5 6 13 C 208

0 -i3 13 -I C I

•_5 .$5 .S5 -.g75

0 -13 13 -I C I

.9G .9C . SC -. 925

0 -13 13 -I C I
• 85 .E5 .E5 -.8/5

0 -13 13 -I C I

._0 . EC . 8C -. 825
0 -13 13 -I C l

.75 .75 .75 -.775

C -13 13 -I C l

.70 • 7C • 7C -. 725

0 -13 13 -I C I

•65 .65 .65 -.675

0 -13 13 -I C I

•60 .6C .6C -.625
0 -13 13 -I C I

• 55 .55 .55 -.575

0 -13 13 -I C l

.50 .5C .5C -.525

0 -13 13 -l C l

.45 .45 .45 -.475

0 -13 13 -I C l

.40 .4C .4C -.425

0 -13 13 -I C l

.49375 .4S37E .49375 O.
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